Dictyostelium discoideum is an excellent model organism for the study of directed cell migration, since Dictyostelium cells show robust chemotactic responses to the chemoattractant cAMP. Many powerful experimental tools are applicable, including forward and reverse genetics, biochemistry, microscopy, and proteomics. Recent studies have demonstrated that many components involved in chemotaxis are functionally conserved between human neutrophils and Dictyostelium amoebae. In this chapter, we describe how to define the functions of proteins that mediate and regulate cell motility, cell polarity, and directional sensing during chemotaxis in Dictyostelium.
Chemotaxis is a dynamic process that involves directional sensing, cell polarity, and cell motility. Cells continuously rearrange their cytoskeleton and plasma membrane, resulting in an asymmetric cell shape, and periodically extend pseudopods. Actin polymerization in pseudopods at the leading edge of the cell is synchronized with contractile forces generated by myosin motor proteins at the rear. A directional sensing system biases pseudopodia formation toward the source of the chemoattractant and thus orients cell movement along the extracellular chemical gradient. To understand the molecular mechanisms of chemotaxis, a variety of assays have been used to dissect the individual subreactions involved in Dictyostelium chemotaxis.
This model organism is an excellent system for the study of cell migration. The molecular mechanisms underlying chemotaxis, such as actin polymerization, intracellular signaling, and cell migration, are highly conserved among eukaryotes. Therefore, many powerful experimental tools used to dissect these processes in other organisms are applicable to Dictyostelium. When there are sufficient nutrients Dictyostelium cells proliferate as haploid single amoebae; however, when nutrients are depleted, starvation immediately triggers the developmental program for surviving harsh conditions through spore formation. Chemotaxis plays an essential role in Dictyostelium development. During differentiation, ~100,000 cells migrate toward aggregation centers that release the chemoattractant cAMP and form multicellular structures. Differentiating cells secrete cAMP every 6 min and waves of extracellular cAMP reinforce the expression of the cAMP receptors and other signaling molecules that are required to respond to cAMP. Differentiation normally takes several hours and the chemotactic ability peaks at 5-6 h after starvation. Around this time, cells establish an increased cell polarity due to downregulation of basal cytoskeletal activity and become highly sensitive to chemoattractant stimulation. Thus, the developing amoebae display robust and rapid chemotactic responses.
In this chapter, we will describe how Dictyostelium mutants can be analyzed to determine whether and how they are defective in chemotaxis. Cell movement toward chemoattractants can be examined by direct observation using time-lapse microscopy. Quantification of cell movement and shape provides information on cell polarity, directionality, and rate of cell migration. In addition, the many biochemical reactions involved in chemotaxis can be examined in mutant and wild-type cells. Assays for chemoattractantreceptor interactions, G-protein activation, phosphatidylinositol (3,4,5)-triphosphate (PIP 3 ) production, and activation of Target of rapamycin complex 2 (TORC2) and Ras signaling are described in this chapter. It should be noted that these biochemical reactions are often localized and therefore it is critical to determine where the reactions occur using microscopic approaches in addition to biochemical measurements. These assays will reveal the molecular mechanisms underlying chemotaxis and the function of proteins involved in this process. Identification of genes that are mutated in chemotaxis-defective mutants will help us understand the function of proteins involved in chemotaxis.
1. HL5 medium, pH 6.5: 10 g/L Dextrose, 10 g/L Proteose peptone, 5 g/L Yeast extract, 0.67 g/L Na 2 HPO 4 × 7H 2 O, 0.34 g/L KH 2 PO 4 . Autoclave and store at room temperature. 10 mg/mL Streptomycin sulfate. 
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Methods
Assays for Chemotactic Responses
phenotypes as chemotaxis-defective mutants often fail to normally develop. To examine chemotaxis, two methods have been extensively used. The first assay observes chemotaxing cells toward cAMP released from a micropipette under a light microscope. The other assay analyzes cells moving toward cAMP on agar plates.
1. Grow cells to a density of 2-5 × 10 6 cells/mL in HL5 medium at 22°C, shaking at 180 rpm.
2. Centrifuge 5 × 10 6 cells at 500 × g for 5 min. Remove the supernatant and wash twice with 1 mL DB.
3. Resuspend cells in DB at 5 × 10 6 cells/mL and spread 200 mL of cell suspension onto a 3.5 cm dish containing 1 mL of 1% DB agar. Remove the DB after cells attach.
4. Incubate cells at 22°C. Cells start aggregating around 6 h after plating. Wild-type cells form mature fruiting bodies within 24 h ( Fig. 1a ).
1. Centrifuge 2 × 10 8 cells at 500 × g for 5 min. Remove the supernatant and wash twice with 40 mL DB.
2. Resuspend cells at 2 × 10 7 cells/mL in 10 mL DB, transfer cells into a 125 mL flask, and shake for 1 h at 100 rpm. cAMP every 6 min. Chemotaxis-competent cells start aggregating within 1 h after cells are plated on DB agar as described in the Subheading 3.1.1.
4.
To monitor the expression of developmentally regulated genes, take 100 mL of samples every hour and analyze using immunoblotting with antibodies against cAMP receptor 1 (cAR1) and adenylyl cyclase (ACA) (2) (see Note 1).
1. Dilute developed cells by approximately 50-fold in DB and disrupt aggregates by pipetting gently. Transfer cells (~3 mL) to a one-well Lab-Tek II chambered coverglass, allow them to adhere to the coverglass for 10 min, and ensure that cells are individually separated under a light microscope.
2. Fill a micropipette with 15 mL of 1 mM cAMP. Attach the micropipette to a micromanipulator, which is connected to a microinjector. Use a continuous injection mode with a compensation pressure (Pc) of 100 hPa. Place the micropipette in the middle of the field. Lower the micropipette till it just touches the chambered coverglasss.
3. Observe cells using light microscopy with 10× to 40× objectives and take pictures every 10-30 s for 30 min (Fig. 1b ).
1. Dilute developed cells by approximately fivefold in DB. Spot 5 mL of cell suspension and 5 mL of different concentrations of cAMP (0.1, 1, and 10 mM) onto 1% hydrophobic agar. The distance between spots is 5 mm.
Capture images of cells using a 20× objective every 30 s for 1 h.
During development, Dictyostelium cells aggregate by migrating toward high concentrations of cAMP, which binds to the G-protein-coupled receptor cAR1. Upon ligand binding, cAR1 activates the heterotrimeric G-protein composed of Ga2, Gb, and Gg, causing Ga2 to dissociate from the Gb-Gg complex. This dissociation event can be monitored by the decrease of fluorescence resonance energy transfer (FRET) between Ga2 and Gb tagged with CFP and YFP, respectively (3). The measurement can be done either at the population level using a fluorometer, or at the single-cell level using fluorescence microscopy (4). By recording the entire spectrum of emission averaged over a large number of cells, the population approach allows more accurate estimation of the absolute FRET change. However, in most instances the kinetics of FRET change is more important than its absolute magnitude, and single-cell measurement with fluorescent microcopy is advantageous due to its ease of applying complex spatial or temporal patterns of stimulation. The following protocol describes the procedure for monitoring G-protein FRET at the single-cell level in
Assays for Chemotactic Signalings
Visualization of G-Protein Activation by FRET
real time by fluorescent microscopy, with the use of a micropipette that allows rapid introduction and removal of stimulation.
A. Preparation of Cells 1. Dictyostelium cells (Ga2-null or Gb-null) overexpressing both Ga2-CFP and Gb-YFP are developed by cAMP pulsing as described in Subheading 3.1.2. Instead of the typical 4-5 h pulsing used for wild-type cells, a longer duration of pulsing (6-7 h) is recommended based on the observation that knock-out cells rescued with G proteins tagged with fluorescent proteins have delayed development.
2. Place cells on a one-well chambered coverglass as described in Subheading 3.1.3. 
Cells are immobilized by the addition of Latrunculin
Look for cells with bright emissions in both channels.
Adjust the position of the selected cell(s) to a suitable distance from where the tip of the micropipette will be located when introduced.
3. Take time-lapse movies with a rate of 2 s per frame. Acquire at least ten frames before introducing the micropipette.
4. Use the "position 1" and "position 2" buttons on the micromanipulator to introduce and remove the micropipette while acquiring video.
D. Analysis of G-Protein FRET Response
1. Open the saved video files in ImageJ.
2. For each frame, measure the mean pixel values for cells in both CFP and YFP channels. In ImageJ, the mean pixel value of a selected region of interest can be calculated using the "Measure" function under "Analyze" (see Note 2) . Similarly, choose a background region to measure the mean value in both channels. Subtract the background values to obtain the corrected CFP and YFP emissions for cells.
3. Plot the corrected CFP and YFP emissions as well as the YFP/CFP ratio over time. Upon cAMP stimulation, CFP emissions should increase and YFP decrease. The YFP/ CFP ratio should decrease and is usually more robust than either CFP or YFP emission because it is corrected for the frame-to-frame noise in excitation intensity (see Note 3). A typical result is shown in Fig. 2 . In chemotaxing cells, PIP 3 is locally produced and activates signaling events that lead to actin polymerization at the leading edge. Pleckstrin homology (PH)-domain-containing proteins that bind to PIP 3 are highly localized at the front of chemotaxing cells and mediate downstream events. The PH-domaincontaining proteins include CRAC (5), PKB (6) , and PhdA (7). The production of PIP 3 is regulated by PI 3 -kinase (PI3K) and PI 3 -phosphatase (PTEN). PI3K phosphorylates PI(4,5)P 2 to produce PIP 3 . On the other hand, PTEN converts PIP 3 to PI(4,5)P 2 . Both PI3K and PTEN are required for PIP 3 production and chemotaxis toward cAMP in Dictyostelium (8) (9) (10) .
Here, we describe methods to measure PIP 3 production and localization upon cAMP stimulation. For in vivo analysis, GFPfused the PH domain of CRAC is used to visualize PIP 3 by fluorescence microscopy (5) (6) (7) (8) (9) (10) (11) . Amounts of PIP 3 can be quantitatively analyzed by extracting lipids from cells.
A. Time-Lapse Imaging of PIP 3 Production in Response to Chemoattractant Stimulation 1. Prepare chemotaxis-competent cells expressing GFP-PHcrac as described in the Subheading 3.1.2.
2. Resuspend the cells in DB at ~5 × 10 5 cells/mL. Place 360 mL (~2 × 10 5 cells) in a well of eight-well chambered coverglasss. Allow the cells to adhere for 10 min.
3. Place the chamber on an inverted fluorescence microscope. 5. Capture images of cells using a 40× objective every 3 s for 1 min. PIP 3 production peaks on the plasma membrane at 5-10 s after stimulation (Fig. 3a ). 7. Take samples at 0, 5, 20, 60, 120, and 180 s as described below.
Detection of PIP 3 Production
(a) Lyse 200 mL cells through 5 mm nucleopore filter into 1 mL ice-cold PM.
(b) Spin at maximum speed for 1 min at RT in microcentrifuge.
(c) Remove the supernatant.
(d) Resuspend the pellet with 50 mL of 1× Sample Buffer.
8. Analyze 5 mL samples using SDS-PAGE and immunoblotting with anti-GFP antibody (Fig. 3b ). 
C. Detection of PIP 3 by Lipid Extractions and TLC
Detect signals by autoradiography or phosphoimaging.
Dictyostelium expresses two Protein Kinase B (PKB) homologs, PKBA and PKBR1. PKBA is recruited to the plasma membrane through a PIP 3 -specific Pleckstrin Homology (PH) domain at the N-terminus, whereas PKBR1 is tethered to the plasma membrane via N-terminal myristoylation (6, 12) . cAMP activates the two PKBs through phosphorylation within their hydrophobic motifs (HMs) and activation loops (ALs) via Tor complex 2 (TORC2) (13) and Phosphoinositide-Dependent Kinase (PDKs) (14) , respectively. Pianissimo A (PiaA), originally isolated in a forward genetic screen for chemotaxis defective mutants, is now recognized as a subunit of TORC2 (15) . PKB phosphorylation is significantly reduced in cells lacking PiaA (13) . Together, the two PKBs mediate the phosphorylation of several substrates, including Talin B, PI4P 5-kinase, two RasGefs, and a RhoGap (13) . PKB phosphorylation occurs at the leading edge of migrating cells and plays important roles in chemotaxis. This section describes methods to assess PKB activity using phospho-specific antibodies.
cAMP Stimulation and Sample Preparation 1. Prepare chemotaxis-competent cells and basalate them as described in Subheading 3.2.2 (see Note 4).
2. Resuspend cells in 5 mL PM at 2 × 10 7 cells/mL and keep on ice until used in the assay (see Note 5).
3. Transfer ice-cold chemotaxis-competent cells to a 5 mL disposable plastic cup. Immediately add 100 mM of cAMP at a final concentration of 1 mM and start shaking at 200 rpm (see Note 6).
TORC2-PKB Activity
4.
At time points of 0, 10, 20, 30, 60, 90, 120, and 180 s, transfer 100 mL cells into a microcentrifuge tube containing 50 mL 3× SDS sample buffer, and boil the sample at 95°C for 5 min.
5. Analyze samples using SDS-PAGE and immunoblotting with antibodies against phospho PDK docking motif, pan phosphor PKC, and phospho PKB substrate (see Notes 7-9) (Fig. 4) . Dictyostelium Ras proteins are important regulators of chemotaxis. Several Ras proteins, including RasB, RasC, RasD, and RasG, are activated upon cAMP stimulation (1, 16, 17) . Activated Ras can be detected at the leading edge of cells undergoing chemotaxis (1). Two proteins, PI3K and TORC2, have been suggested to function downstream of Ras in regulating chemotaxis (8, 13, 18) . Ras-binding domain (RBD) from yeast Byr2 or human Raf-1, which specifically interacts with the GTP-bound form of Ras, has been used to monitor Ras activation in Dictyostelium. The RBD of Byr2 is capable of binding to all four Ras GTPases that are activated by cAMP, whereas the RBD of Raf1 is capable of binding to RasB, RasD, and RasG, but not to RasC (1, 17) . This section describes biochemical and real-time imaging methods to assess Ras activation. In the biochemical assay, activated Ras proteins in cell lysates are pulled down by GST-fused RBD of Byr2 and glutathione-sepharose beads. In the cell imaging assay, GFPfused RBD from Raf1 is used to detect activated Ras in vivo.
A. Preparation of GST-RBD-Byr2 Attached Beads 1. Transform Escherichia coli with GST-RBD-Byr2 expression construct according to the manufacturer's instruction (see Note 10).
2. Pick up a single colony, inoculate into 50 mL LB with 50 mg/mL ampicillin, and grow overnight at 37°C with shaking at 250 rpm.
3. Measure OD600 of the overnight culture. Transfer into 1 L LB containing 50 mg/mL ampicillin at an OD600 of 0.05. Grow cells at 37°C with shaking at 250 rpm until OD600 reaches 0.4-0.6 (see Note 11).
4. Turn the temperature of the air shaker down to 20°C (see Note 12).
5.
Add IPTG at a final concentration of 0.5 mM to induce protein expression. Shake the culture at 20°C for 18-20 h (see Note 13).
6. Harvest the cells by centrifugation at 4,000 × g for 10 min at 4°C (see Note 14).
7. Remove the supernatant. Resuspend cells in 50 mL suspension buffer (see Note 15).
8. Add 100 mg/mL lysozyme to cell suspension and incubate on ice for 20 min.
9. Sonicate cells. (see Note 16).
10. Add Triton X-100 at a final concentration of 2% and incubate on ice for 10 min.
11. Centrifuge at 10,000 × g for 15 min at 4°C (see Note 17).
12.
Transfer the supernatant to a 50-mL tube and add 1 mL glutathione-sepharose 4B (see Note 18). Quickly move the tubes to a heat-block that is set to 95°C, and boil the sample for 5 min.
1. A potential complication, which one might encounter during analysis of chemotaxis mutants, is that mutant cells show defects in differentiation. Failure in formation of multicellular structure is an indication for chemotaxis defects since chemotaxis is required for aggregation. However, this phenotype may simply result from defects in differentiation itself. One way to test if differentiation is affected is to examine the expression of developmentally regulated genes including cAMP receptors (cAR1) and adenylyl cyclase (ACA). If differentiation is impaired, their expression will be delayed or inhibited. If differentiation is found to be affected, one could take alternative approaches to bypass this defect and study chemotaxis. For example, mutants defective in producing cAMP, including aca-, crac-, and piaA-cells, are unable to relay cAMP and therefore show developmental as well as chemotactic phenotypes. Artificial cAMP pulse mimicking the cAMP wave can help these cells to undergo differentiation and bypass the defects, allowing one to specifically examine chemotaxis in these mutants. It is also possible to analyze chemotaxis toward folate in vegetative cells since folic acid activates essentially the same downstream reactions as cAMP.
Notes
Although receptors for folic acid have not yet identified and chemotactic responses to folate are relatively weaker compared to cAMP, this experiment will enable one to study chemotaxis independent of differentiation. 9. As shown in Fig. 4 , the addition of cAMP triggers rapid phosphorylations of the HM of PKBR1 and the ALs of PKBR1 and PKBA, which peak at 30-60 s and decline to pre-stimulus level by 2-3 min. The anti-phospho PKB substrate antibody detects a few bands before stimulation. Following cAMP stimulation, about ten new bands appear and display similar kinetics as that of PKB phosphorylation. The signals from phospho-proteins (pp)-350, 280, 200, 180, 140, 110, 90, and 65/67, are significantly reduced in cells lacking PKB activity, such as pkbR1-and piaA-, and are therefore considered as PKB substrates. Five of the putative PKB substrates (TalinB, GefN, GefS, PI5K, GacQ) have been identified by immunoprecipitation followed by mass spectrometry. A few of these bands (pp250, pp30, and pp23) are not PKB substrates as their phosphorylations are independent of PKB activity. They presumably contain the consensus motif RXRXXS/T that is recognized by other kinases.
10. It is important to use E. coli strains that have low protease activity, such as BL21 or BL21 (DE3).
11
. It is important to use exponentially growing cells for protein induction.
12. It usually takes 20-30 min for the air shaker to cool down. The cells continue growing during this period of time to an OD600 of 0.6-0.8.
13
. GST-RBD-Byr2 has low solubility when expressed in E. coli. Inducing protein production at 20°C increases the solubility.
Protein induction can be checked by SDS-PAGE and
Coomassie Brilliant Blue staining. Mix cells (0.5 of OD600 unit) before and after IPTG induction with 50 mL 1× SDS sample buffer. Load 10 mL on SDS polyacrylamide gel. 15 . Cell suspension can be frozen at −80°C at this stage. When used later, thaw the cell suspension and add fresh 1 mM PMSF. 16 . Place the tube containing the cell suspension in an ice-filled plastic cup to keep the sample cool. Sonicate for 30 s each time and six to eight times with 30 s intervals until cells are lysed.
17. It is optional to filtrate the supernatant with 0.45 mm filter attached to a 60 mL syringe. Two or three filters may be required because the filters tend to get clogged.
18. Glutathione-sepharose 4B is stored in 20% ethanol. Before use, wash three times with 10 mL PBS.
19. GST-RBD-Byr2 sepharose beads can also be stored in PBS/50% glycerol at −20°C and are usually stable for a few months.
20. Use BSA or any quantified protein as a control.
21. The volume of the beads containing 30 mg GST-Byr2-RBD should be between 10 and 20 mL.
22. 12-15% SDS polyacrylamide gel is ideal for separating Ras proteins. The Ras10 antibody detects several Dictyostelium Ras isoforms.
23. For stable expression of GFP-RBD-Raf1, 20 mg/mL G418 is used.
24. Adjust exposure time and frequency to minimize photobleaching.
25. Add cAMP carefully into the chamber to avoid disturbing the attached cells. Ras activation peaks at about 3-5 s after stimulation.
